In stellar interferometry, image quality improves significantly with the inclusion of more telescopes and the use of phase closure. We demonstrate, using first coherent and then partially coherent white light, a compact and efficient pair-wise combination of twelve or more beams. The input beams are lined up and spread through a cylindrical lens into a comb of parallel ellipses, which interferes with a perpendicular copy of itself to form a matrix of interferograms between all pairs. The diagonal elements show interference of each beam with itself, for intensity calibration. The measured white-light visibilities were high and stable. © Optical Society of America Keywords: interferometry, beam combination, phase closure A problem common to all multi-aperture astronomical interferometers is that of efficiently combining the signals in a pair-wise manner, i.e. such that each signal interferes independently with each one of the others. If there are N apertures, there will then be N( N -1 ) / 2 output interference signals, each one providing information on the coherence function for the appropriate baseline, corresponding to one Fourier component of the observed object. The equivalent problem in radio astronomy has been more easily solved, because in that region the number of photons per coherent mode is large, and so the electromagnetic fields received at the apertures can be measured directly and cloned. Unfortunately, the paucity of photons in the optical and infra-red regions does not permit the same solution.
A problem common to all multi-aperture astronomical interferometers is that of efficiently combining the signals in a pair-wise manner, i.e. such that each signal interferes independently with each one of the others. If there are N apertures, there will then be N( N -1 ) / 2 output interference signals, each one providing information on the coherence function for the appropriate baseline, corresponding to one Fourier component of the observed object. The equivalent problem in radio astronomy has been more easily solved, because in that region the number of photons per coherent mode is large, and so the electromagnetic fields received at the apertures can be measured directly and cloned. Unfortunately, the paucity of photons in the optical and infra-red regions does not permit the same solution.
Present-day stellar interferometers combine the light waves from many apertures using either bulk or integrated optics [1] [2] [3] [4] . Pair-wise (Michelson) combination of N beams arriving from N apertures requires at least Nl o g 2 ( N -1) + N( N -1 ) / 2 beam-splitters, each of which introduces wavelength-and polarization-dependent losses. In some systems, pair-wise combination is not implemented, and the individual interference signals are separated by using spatial (Fizeau) or temporal coding [1] [2] [3] [4] [5] [6] [7] , where the other beams contribute to the background. Photon losses and noise become considerable in all the above techniques when N is large, and a more efficient approach, independent of N, is described in this letter.
The system we present here allows a large number of beams to interfere pair-wise by the use of two beamsplitters. We tested the idea first by using laser sources, and following that, with partially coherent white-light sources, a necessary requirement for astronomical application. We use an anamorphic approach in which a linear array of N concentrated beams from the individual sub-apertures is stretched in the direction normal to its linear axis ( Fig. 1 ) using cylindrical optics, giving an array of beams with long elliptical cross-section. After a first beam-splitting, the two copies of this array are rotated mutually by 90 0 and interfere at a second beam-splitter. Thus every elongated beam intersects each other one, giving a square array of interference patterns. Each pattern has interference contrast and phase corresponding to the two aperture beams. The diagonal elements, in which each beam interferes with itself, have high contrast and can be used for instrumental and aperture intensity calibration.
The idea was demonstrated using a quadrilateral Sagnac common-path interferometer into which a non-planar beam rotator was introduced [8] [9] [10] . The advantages of this type of interferometer are that it is mechanically stable, and that because of the common path, white-light fringes are easy to obtain. In the first version of the experiment (Fig. 2a) , the beam rotation was obtained by inserting a Dove prism 8, 9 , which rotated the counter-propagating beams by ±45 0 . Thus the interferometric system involved two beam-splits and four additional reflections (one in the Dove prism). The interference pattern was sensed by a CCD camera. A linear set of six apertures was first illuminated by a plane wave from a laser, and high contrast fringes were observed at all intersections. In the interference pattern (Fig. 3, left) the contrast of the interference on the diagonal is high, while on the off-diagonal elements it is modulated symmetrically. The apertures were then illuminated by plane waves from two independent lasers, combined at a small angle by means of a non-polarizing beam-splitter (Fig. 2a) , in order to simulate the coherence properties of waves from a binary star. The resulting contrast of the offdiagonal elements is modulated symmetrically and periodically, as expected (Fig. 3, right) . Weak light leakage is evident between the lines due to the inexpensive cylindrical optics employed.
In a second experiment using white light, the interferometer was modified by using a fourth out-of plane mirror instead of the Dove prism 11 ( Fig. 2b) and by dropping the fringe density. In this way, chromatic effects due to the prism refraction and to path difference were reduced. The white light arc source (Solarc) was imaged through one or two small apertures in order that the apertures at the entrance to the system would be illuminated partially coherently (Fig. 2c) . To further condense these apertures we used a linear array of twelve very weak lenslets, which caused some curving of the fringes inside each beam (Fig. 4) .
The visibility can be taken of the whole pattern, or within each pair intersection, by spatial or temporal modulation. However, we found out that by changing the polarization retardation within the Sagnac interferometer, the phases of the fringes vary. We obtained a series of images corresponding to different phase changes. We then calculated the average raw visibility, and ignored all pixels where the average intensity was negligible (Fig. 5) . We also calculated the maximum visibility obtained at different phases (Fig. 6) .
Previous experiments [8] [9] [10] [11] [12] and calculations 13 indicate a strong dependence of polarization on reflective layer material and out-of-plane geometry. A retarder inserted in the Sagnac-mirrors loop (Fig. 2c) was adjusted for better contrast. However, only one half of the light was utilized, and half sent back to the source. To also take advantage of the other (symmetric) half, we are looking into the possibility of a preceding polarizing beam splitter, where the two polarizations are sent into separate Sagnac combiners. Their four outputs can yield directly the phase of each fringe. Alternatively, the two asymmetric (lower contrast) outputs can For the "single star" the contrast remains high but for the "binary" it periodically drops off and rises again with distance from the diagonal. The artificial fringe pattern is a product of the curved wave front alone. However, the phase of these fringes and their contrast change according to the source and intervening atmosphere. serve to track the fringes mechanically, allowing longer integration of the two symmetric outputs for better signalto-noise ratio (SNR).
The spaces between the spread beams reduce the total efficiency by ~g / ( g + d ) , where g is the gap and d the beam diameter. The beams can be as close as the thickness of the mounting of the last lenses, or even adjacent for backmounted mirrors. As more beams are added, they become more elongated and less light is lost between them. Only mirror size and scarcity of photons seem to limit the number of beams.
In pair-wise combination the light is divided between the outputs of the combiner and the SNR drops. The N 2 intersections are roughly twice the minimum required for all two-beam combinations [1] [2] [3] [9] [10] [11] . Polarization splitting of the beams into two interferometers recovers effectively most of the flux, which is then detected in four detectors. Redundancy is implicit in any combination scheme, because of the complementary outputs, but here the noise contribution is doubled again to four. Hence the noise equivalent magnitude is degraded by 1.5 for the faintest objects. For example, when the read out noise is ~25 photons, a signal with SNR = 10 on one pixel generates an equivalent SNR ~ 8 over four pixels; even lower readout noise produces even better SNR. In addition, integration time depends only on atmospheric (or multimode fiber) stability, as common or separate modulation of the beams is not required.
The degradation, due to the one added division, is mitigated by the high throughput of the proposed scheme. Assuming 98% reflection for two cylindrical and four Sagnac mirrors, 6% total loss on the beam-splitter/combiner, and 4% loss on the retarder, the total transmission budget is 80%, for any number of beams. With light loss in the gaps between the beams, this can drop to 63%. Traditionally combining only eight beams, each beam passes 15 beamsplitters and 14 mirrors, and half of the light is lost because of polarization, leading to a total efficiency of 22%.
We designed a new off-axis anamorphic telescope, with a significantly reduced field curvature and without vignetting. Two cylindrical off-axis parabolas were optimized in a central field: the beam is expanded in one dimension only, by two toroid surfaces, with no light spilling (Fig. 7) . The root-mean-square phase error over the ellipse is 0.31 nm, and can be calibrated away. Finally, because of the nearnormal reflection, polarization is conserved quite accurately.
In summary, the first experimental test of the aperture division beam combiner was shown to be successful. With basic optical components we were able to produce stable, high-contrast fringes both on coherent independent sources and on white-light ones. A single camera was used to capture six to twelve beam combinations simultaneously. Future laboratory work will include beams arriving from a two-dimensional array of apertures, requiring their lining up into the interferometer. Finally, we will apply turbulence and analyse the result to obtain the full calibrated visibility, and hence phase closure relations. 6 . Histogram of the maximum visibility at every pixel, over many fringe phases, of a single source (Fig. 4) .
